Thoracic aortic aneurysms are life-threatening lesions that afflict young and old individuals alike. They frequently associate with genetic mutations and are characterized by reduced elastic fibre integrity, dysfunctional smooth muscle cells, improperly remodelled collagen and pooled mucoid material. There is a pressing need to understand better the compromised structural integrity of the aorta that results from these genetic mutations and renders the wall vulnerable to dilatation, dissection or rupture. In this paper, we compare the biaxial mechanical properties of the ascending aorta from 10 murine models: wildtype controls, acute elastase-treated, and eight models with genetic mutations affecting extracellular matrix proteins, transmembrane receptors, cytoskeletal proteins, or intracellular signalling molecules. Collectively, our data for these diverse mouse models suggest that reduced mechanical functionality, as indicated by a decreased elastic energy storage capability or reduced distensibility, does not predispose to aneurysms. Rather, despite normal or lower than normal circumferential and axial wall stresses, it appears that intramural cells in the ascending aorta of mice prone to aneurysms are unable to maintain or restore the intrinsic circumferential material stiffness, which may render the wall biomechanically vulnerable to continued dilatation and possible rupture. This finding is consistent with an underlying dysfunctional mechanosensing or mechanoregulation of the extracellular matrix, which normally endows the wall with both appropriate compliance and sufficient strength.
Introduction
Advances in medical genetics have identified diverse mutations that predispose to thoracic aortic aneurysms (TAAs), including those that affect genes that code extracellular matrix proteins, transmembrane receptors, cytoskeletal proteins or intracellular signalling molecules [1] [2] [3] . We recently suggested that this collection of mutations implicates a common lost ability of smooth muscle cells to sense matrix-mediated mechanical stimuli (i.e. to mechanosense) and/or to organize and orient the matrix accordingly (i.e. to mechanoregulate) [4] , which in turn could compromise the mechanical functionality and structural integrity of the aortic wall [5] . Ramifications of such changes are intuitive, given that the ultimate fate of a compromised thoracic aorta-dissection and rupture-arises when wall stress exceeds strength.
Some descriptors of the mechanical properties of the aorta can be inferred from in vivo data (e.g. distensibility or local pulse wave velocity), yet full mechanical characterization requires in vitro multiaxial testing of isolated samples. There is a growing database on the material properties of excised portions of the human thoracic aorta in health and disease (e.g. [6] [7] [8] [9] [10] ) and much has been learned. Nevertheless, no study has consistently compared properties for different mutations that predispose to TAAs, which is challenging if using human tissue. Mouse models, in contrast, can provide the data needed to quantify and compare the biaxial wall mechanics and underlying microstructure as a function of specific genetic mutations that lead to aneurysmal dilatation, dissection or rupture.
In this paper, we present the first consistent comparison of the passive biaxial mechanical properties of diverse monogenic mouse models that have been used to study thoracic aortic disease: fibrillin-1 deficient (Fbn1 mgR/mgR ; [11] ), smooth muscle cell-specific fibulin-4 null (Fbln4 SMKO ; [12] ), smooth muscle myosin heavy chain variant (Myh11 R247C/R247C ; [13] ), postnatal disruption of smooth muscle cell specific transforming growth factor-b receptor II (mT/mG.Myh11-CreER
T2
.Tgfbr2 f/f þ Tmx or simply Tgfbr2 f/f þ Tmx, which denotes induction of the genetic mutation with tamoxifen; [14] ) and postnatal disruption of smooth muscle cell-specific tuberous sclerosis complex-1 (mT/mG.Myh11-CreER
.Tsc1 f/f þ Tmx or Tsc1 f/f þ Tmx; unpublished). See
Discussion for details of these mutations and their clinical implications. Note, too, that hypertension is a significant risk factor for TAAs. Similar analyses were thus carried out for models with induced hypertension (HT), including an apolipoprotein-E null (ApoE 2/2 þ HT; [15] ) and the smooth muscle myosin heavy chain variant (Myh11 R247C/R247C þ HT; [16] ).
The experimental data for the Fbln4 SMKO , Tsc1 f/f þ Tmx and ApoE 2/2 þ HT mice are new, whereas data for the other four models were collected previously using the same methods [16] [17] [18] . For purposes of further comparison, we also include data from four different groups of controls ( pooled into Control; [19] ) and new data for acute elastase-exposure to otherwise normal ascending aorta (Elastase). Finally, we include previously reported data for a fibulin-5 null model that exhibits an altered microstructure and mechanical properties but no propensity to aneurysmal dilatation (Fbln5 2/2 ; [20, 21] ). Comparisons of results across these 10 models confirm that lost mechanical functionality, indicated by a reduced capability to store elastic energy or a decreased distensibility, need not lead to or indicate aneurysmal dilatation. Conversely, an inability of intramural cells ( primarily smooth muscle cells and fibroblasts) to maintain the circumferential material stiffness near normal correlates with aneurysmal development, consistent with a compromised ability to mechanosense and mechanoregulate the extracellular matrix. There is, therefore, strong motivation to refocus clinical assessments towards material stiffness.
Methods
Detailed methods are provided in the electronic supplementary material. Briefly, all animal protocols were approved by the appropriate Institutional Animal Care and Use Committee. The ascending aorta, whether aneurysmal or not, was excised upon euthanasia and placed within a custom, computer-controlled biaxial testing system. Specimens were acclimated to the in vitro environment, preconditioned and subjected to seven different cyclic biaxial protocols. Associated data were analysed using a validated nonlinear constitutive relation that allowed consistent calculations of multiple mechanical metrics of importance, including mean biaxial wall stress, material stiffness and elastic energy storage or dissipation. Where appropriate, data were analysed using an analysis of variance with significance assumed at p , 0.05.
Results
Details on background, age, body mass and blood pressure are listed in table 1 for the mice that constitute the single control group, the elastase-exposure group and the eight groups with mutations or pharmacological treatments. Figure 1 compares group-specific mean structural (figure 1a,b) and material (figure 1c,d) properties as well as representative geometric (figure 1e -n) and histological (figure 1o-x) characteristics for the ascending aorta across these 10 models: Control, Elastase, Myh11
mgR/mgR and Fbln4
SMKO
. Control vessels exhibit the advantageous biaxially compliant behaviour of a healthy ascending aorta, whereas elastase-exposed vessels represent a stiff upper-bound behaviour for comparison ( figure 1c,d ). That is, although not meant to replicate an in vivo situation, acute intraluminal infusion of elastase results in a mildly dilated (figure 1f ) and severely thinned (figure 1p) wall wherein nearly all elastic fibres degrade simultaneously without concomitant matrix remodelling. Hence, elastase-exposed vessels bear applied loads primarily via uncrimped adventitial collagen fibres, which results in an almost complete loss of circumferential distension (figures 1a and 2a) and axial extension (figures 1b and 2b) as well as a significant increase in circumferential material stiffness (figure 2e) and decrease in energy storage capability (figure 2g). These two groups are, therefore, good comparators for TAA models.
Despite data confirming that the smooth muscle myosin heavy chain (MYH11) variant R247C disrupts contraction of aortic smooth muscle cells [13] , this variant has minimal effects on gross anatomy (figure 1g), microstructure (figure 1q) and mechanical behaviour (figure 1a-d) of the ascending aorta in the mouse (Myh11 R247C/R247C ). Hypertension induced via a high-salt diet in combination with L-NAME can cause aortic dissections in these mice [16] , but the non-dissected samples studied herein after 18 weeks of hypertension exhibit only a mild thickening of the wall (figure 1i,s) with no dramatic change in wall mechanics (figure 1a-d). Consistent with their milder ( perhaps simply earlier stage disease) phenotypes (figure 1k,l) and few fragmented elastic laminae (figure 1u,v), the structural and material behaviours for the Tgfbr2 f/f þ Tmx and Tsc1 f/f þ Tmx ascending aortas are also similar to those of controls (figure 1a-d). In contrast, the aortas exhibiting the most dilated/aneurysmal phenotypes (ApoE 2/2 þ HT, figure 1j; Table 1 . Physiological data (mean + s.e.m.) for the four groups that constituted our control mice (pooled hereafter) and the eight groups of mutant/pharmacologically treated mice. Myh11
were generated as a by-product by breeding heterozygous mutant mice to produce homozygous mutant mice; wild-type (WT) refers to inbred mice maintained through sibling matings. Background, age, body mass and blood pressure (systolic/diastolic) are indicated for each group. Differences in background and age were dictated by prior individual studies that focused on the effect of each mutation [16 -18,20,22] . The value of systolic pressure was adjusted (adj) to conscious mouse conditions depending on the protocol and apparatus used for data acquisition [23, 24] . Note that elastase was applied to WT C57BL/6J ascending aortas; hence, donor mice are not listed as a separate group. Note:
C, indwelling (aortic) polyethylene catheter in the conscious mouse; M, Millar ascending aortic catheter in the anaesthetized mouse (1.2% isoflurane); S, Scisense ascending aortic catheter in the anaesthetized mouse (1.5% isoflurane); T, non-invasive tail cuff method in the conscious mouse. By mild phenotype, we mean that the aortic properties were nearly, though not precisely, normal. aneurysmal models ( figure 1a-d) . Collectively, these data may suggest that any defect in the elastic fibres can compromise mechanical functionality, but loss of inner elastic lamellae may be needed to enable aneurysmal formation. In the absence of larger datasets indicating differential elastic fibre organization within different laminae across the arterial wall, there is a need to understand better the potential mechanical advantage of inner versus outer elastic layers. Figure 1 . Biaxial mechanical data (a-d), gross anatomy (e-n) and VVG-stained cross sections (o-x) from control, elastase-exposed controls and mutant/treated ascending aortas suggest a correlation between the degree and location of elastic fibre loss (star symbols, w,x) or fragmentation (white arrows, r,t,u,v), the decrease in circumferential distension (a,c) and axial extension (b,d) and the likelihood of aneurysm development/progression (e-n). White arrowheads in (m,n) indicate marked aneurysms. The lower-case letter h in (k) shows an intramural haematoma. Notice that elastase-exposed vessels do not mimic per se any in vivo condition, but they reveal the effect of a complete loss of competent elastic fibres ( p) without concomitant matrix remodelling. As such, control and elastase-exposed control vessels define bounds for the stress-stretch responses in the circumferential direction (c). Note: elastase-exposed control, Fbn1 mgR/mgR and Fbln4 SMKO ascending aortas were perfusion-fixed (luminal pressure ,100 mm Hg for the elastase-treated vessels, ,20 mm Hg for the aneurysmal vessels) at their in vivo axial length to avoid collapse due to the large diameter. Other vessels were fixed in the unloaded state. A reduced value of axial stretch can be mechanically protective for it can unload the vessel biaxially, yet extreme decreases could be detrimental by predisposing to tortuosity depending on perivascular tethering and tethering at the end of the aortic segment. The data in figure 2b are consistent with an increasing propensity for lengthening with increasing aneurysmal dilatation. Second, biaxial wall stresses are either nearly normal or reduced in all mutant and pharmacologically treated models ( figure 2c,d ), due in part to increased wall thickness (electronic supplementary material, table S1) and decreased axial stretch (figure 2b). This finding suggests that circumferential wall stress, not stretch, is controlled reasonably well during aneurysmal enlargement. Third, circumferential material stiffness increases proportionally with the degree of dilatation, reaching its highest values in enlarged ApoE 2/2 þ HT and aneurysmal Fbn1 mgR/mgR and Fbln4 SMKO aortas (figure 2e; regression line:
Importantly, the aneurysmal vessels exhibit values of circumferential material stiffness similar to those for elastase-exposed aortas, in which there is no matrix remodelling. This finding suggests an inability by intramural cells to mechanoregulate the matrix circumferentially, even though axial material stiffness is similar to or less than normal in all the mutant/treated models (figure 2f ). Fourth, the combination of increased wall thickness and circumferential material stiffness in the three dilated/aneurysmal models leads to a significant increase in structural stiffness, as revealed by reduced values of distensibility D (figure 2h). Nevertheless, D does not correlate with aneurysmal dilatation because the non-aneurysm-prone Fbln5 2/2 and Myh11 R247C/R247C þ HT ascending aortas also exhibit marked reductions in distensibility. Fifth, a common finding for all of the genetic mutations and pharmacological treatments considered is a decrease in elastic energy storage (figure 2g; electronic supplementary material, figure S2 ), which reflects a reduced mechanical functionality because a key role of the aorta is to use energy stored during systole to augment blood flow during diastole. figure 1g ,i,q,s), normotensive and hypertensive Myh11 R247C/R247C ascending aortas store only slightly less energy than controls, which exhibited the highest energy storage (115 kPa), while the elastase-exposed vessels exhibited the lowest storage (6 kPa), thus bounding the behaviours. Interestingly, Tgfbr2 f/f þ Tmx and Tsc1 f/f þ Tmx ascending aortas, which are prone to aneurysms or dissections, exhibit different 
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Elastase Fbln5 at systole normalized to the average diameter at systole for the control group) for all specimens. Note that an aneurysm is defined by D norm . 1.5. The circumferential (a) and axial (b) stretch at systole progressively decrease as the ascending aorta dilates. Whereas material circumferential stiffness (e) increases with dilatation, the distensibility, a common metric of structural stiffness, does not correlate with the propensity towards aneurysm formation (h). Overall, vessels from mutant mice reach normal or lower-than-normal values of both circumferential (c) and axial (d) stress as well as axial stiffness ( f ). Finally, all of the genetic mutations and pharmacological treatments considered in this study decrease the elastic energy stored at systole, thus impairing the ability of the aorta to perform a key mechanical function (g). Notice that data from elastase-exposed controls (thick white diamonds embedded within the grey shaded area) serve as good comparisons since there is no associated cell-mediated remodelling following the structural and material insult; these data were not included in the regressions, however. figure 2; electronic supplementary material, figure S1 ), noting that uncontrolled hypertension is a key risk factor for aneurysms, we similarly examined possible correlations with the group-specific in vivo systolic pressure. No such correlation was found for the mechanical or geometric metrics, including wall thickness and thickness : radius ratio (electronic supplementary material, figure S3 ). For evaluations of potential effects due to genetic background (e.g. C57BL/ 6J versus C57BL/6;129SvEv), methods for inducing the mutation (e.g. germ-line versus Cre-lox induction) and chronological age, see [19] , wherein it is noted that the method used to induce a mutation can have a small effect on some mechanical metrics. Finally, for completeness, note that electronic supplementary material, table S2, lists values of the model parameters used in the constitutive relation to describe the behaviour of the ascending aorta for each of the 10 mouse models.
Discussion
Estimates of arterial wall properties in vivo necessarily focus on circumferential metrics of structural stiffness such as the so-called distensibility D. Nevertheless, changes in axial properties are critically important to wall mechanics, often manifesting as early or dramatic changes [25] . Data should thus be collected and compared for biaxial wall stress and material stiffness as well as for elastic energy storage because different metrics provide different insights into the mechanics and mechanobiology [26] . Such data are best inferred in vitro from multiple cyclic pressure-diameter and axial forcelength protocols performed on vessels having a near native geometry and exposed to in vivo values of loads at body temperature. This was our approach. Although aneurysms manifest in both the ascending and descending thoracic aorta, the former present a greater clinical concern. Moreover, Marfan syndrome manifests primarily in the ascending aorta, near the aortic root. Hence, we focused on the ascending region even though similar studies are warranted for the descending thoracic aorta. We also considered models used to study conditions of thoracic aorta, but did not wait until a particular disease severity manifested. In this way, we could study potential propensity, which is critical from a clinical perspective of prognosis and treatment planning.
In addition to our newly collected biaxial data on
SMKO , elastase-exposed and control ascending aortas, we previously reported similar data for five other models [16] [17] [18] 20] ). Recall that human TAAs similarly associate with mutations in genes that code for the elastin-associated glycoproteins fibrillin-1 and fibulin-4 [2] , but typically not fibulin-5 (cf. [21, 27] ). These glycoproteins contribute to elastogenesis and long-term mechanical stability, that is, formation and subsequent normally long half-life of elastic fibres [28] . Human TAAs also associate with mutations to genes that code smooth muscle cell contractile proteins, including smooth muscle myosin heavy chain and smooth muscle a-actin [1] . Contractile proteins can contribute both to vessel level contractility and cell level mechanosensing and mechanoregulation of the extracellular matrix. Dysfunctional sensing and regulation of matrix appear to be consistent across many TAAs [4, 5] . TAAs also associate with mutations to genes that code transforming growth factor receptors [2] . That dysregulated transforming growth factor-b, or its signalling, plays a role in TAAs is unquestioned, but significant controversy remains in regard to precise roles. Tuberous sclerosis similarly associates with aortic disease [29, 30] , but there has not been any prior detailed study of its mechanical consequences. Finally, although the high-dose angiotensin II infusion mouse model does not mimic a specific human condition, it causes enlargements of the ascending aorta with a phenotype similar to that in fibrillin-1-deficient mice [15, 31] . Given that angiotensin II also raises blood pressure, recall that uncontrolled hypertension is an additional risk factor for TAAs [1] . The mice considered included two different hypertensive models, angiotensin II infused and a high-salt diet with L-NAME to block nitric oxide bioavailability. Thus, our examination of this collection of 10 mouse models was motivated by human conditions and risk factors even though one must be cautious when attempting to translate results from mice to humans. There is, therefore, a pressing need for more data on human lesions and consistent comparisons across multiple syndromic and non-syndromic cases. Nevertheless, general results across multiple mouse models have potential to provide insight well beyond that afforded by a single model.
Our findings suggest two primary conclusions. First, increased circumferential material stiffness correlates well with the degree of aortic dilatation (R 2 ¼ 0.90; figure 2e; electronic supplementary material, figure S1e). This finding implies that transient elevations in blood pressure, as in strenuous activities, could generate larger increases in wall stress in aneurysmal than in normal ascending aortas, which could promote further expansion or rupture of a compromised vessel [32] . This finding further implies a dysfunctional cellular sensing and/or regulation of the extracellular matrix, which supports recent suggestions inferred in the absence of detailed mechanical data [4, 33, 34] . In particular, although the present data cannot delineate cause and consequence, increases in circumferential stiffness in the aneurysmal phenotypes to levels comparable to those in aortas exposed acutely to elastase reveal that the intramural cells did not deposit or remodel the collagen properly in vivo. Indeed, whereas computational models show that an increased deposition of appropriately formed circumferential collagen fibres can help slow or arrest aneurysmal rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20161036 expansion [35] , this was not seen in our TAA mouse models. Given that many previous reports suggest that intramural cells seek to establish, maintain and restore normal values of circumferential material stiffness in health as well as many disease conditions [20, 26, 28, 36] , which seems mechanobiologically favourable, there is a pressing need to elucidate the molecular mechanisms of dysfunctional mechanocontrol of matrix in aneurysms of the ascending aorta. Second, decreased mechanical functionality of the aorta need not reflect or contribute directly to aneurysmal dilatation. Although aortic distensibility is a commonly measured clinical metric of stiffness (the lower the value of D, the higher the structural stiffness), and it is elevated in Marfan syndrome patients among others [37, 38] , our findings reveal that D does not correlate with aneurysmal progression. Hence, distensibility should not be used clinically as an indicator of ascending aortic aneurysm or its risk. Similarly, loss of energy storage capability, via either compromised elastic fibre integrity [20] or an excessive deposition of collagen that prevents competent elastic fibres from deforming and storing energy [39] , is not diagnostic of TAAs. Given that decreased distensibility and energy storage are also characteristic of arterial ageing and hypertension, these two conditions are likely exaggerating risk factors for aneurysms, not disease initiators per se. In particular, a general loss of distensibility and energy storage in central arteries can adversely increase pulse wave velocities and thus augment central pulse pressures, which could indirectly exacerbate aneurysmal progression or promote dissection or rupture. We emphasize, however, that this study focused on aneurysmal dilation, not material failure. It is likely that dissection and rupture result from different mechanisms and there is equal need to study these two failure modes, which arise when local haemodynamically induced wall stress exceeds strength. Indeed, there is also a general need to understand the natural history of thoracic disease within the broader context of the haemodynamics, not just local wall mechanics or local molecular mechanisms. Only by combining the genetics, cell biology, imaging and comprehensive biomechanical analyses (e.g. fluid-solid-growth modelling) will we understand these disease conditions fully.
Notwithstanding the new insight gained-based on a consistent analysis of both newly acquired and previously reported biomechanical data-there are limitations inherent to our retrospective study. The 10 datasets were collected at different times and for different purposes; hence, the experimental protocols were similar but not identical. For some of the mouse models, the group-specific mean value of systolic blood pressure was obtained by averaging measurements over each mouse within the group; for other models, it was based either on additional mice that were not used for mechanical testing or mean values from the literature. Hence, we could not assess directly the relation between blood pressure and individual mechanical metrics. Similar considerations hold for other possible contributors. Hence, the effect of such factors on the computed mechanical metrics could not be assessed with more sophisticated regression models. Based on our previous results for potential control mice [19] , however, it appears that the degree of aortic dilatation (D norm )-that is, the disease itself-is a stronger determinant of altered mechanics than other variables such as blood pressure, age and genetic background, at least within the limits of our study. Finally, each mouse model was analysed at a single prescribed time of interest, not based on longitudinal studies wherein disease progression was followed. There is clearly a need for longitudinal studies in mice, particularly since such studies are very difficult in humans. We conclude by submitting that considerable insight can be gleaned from mouse models of TAAs, but there is strong motivation for consistent comparisons across multiple models since no animal model phenocopies exactly the human disease.
Data accessibility. Material parameters and geometrical measures are provided in the electronic supplementary material.
